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 2. Frequency shift of resonators in contact with fluids 
2.1. Tuning fork resonator 
A tuning fork resonator can mathematically be described as a cantilever, vibrating in flexural mode. The 
resonance frequency of the resonator in contact with a fluid (liquid or gas) is shifted; the relative change is given by2 
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where ଴݂ is the resonance frequency in vacuum, ߩ௚ is the density of the surrounding gas, ߩ௤is the quartz density, ݐ is 
the thickness of the tuning fork, ݓ its width, ߟ the viscosity of the surround gas and ܿଵ and ܿଶ are geometry 
dependent constants. 
2.2. Thickness-shear mode resonator 
When a thickness-shear mode resonator is brought in contact with a fluid, a strongly attenuated shear wave is 
excited in the fluid. This effect is based on an entrainment of the liquid with the vibrating sensor surface which leads 
to a damping of the resonator (due to viscous losses) and to a frequency shift (due to the entrained mass). The latter 
is given by3 
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where ߤ௤ is the elastic shear modulus of the quartz resonator. An additional frequency shift has to be considered, if 
the surface roughness of the resonator is in the order of the decay length ߜ ൌ ሺ2ߟ/ሺ߱ߩ௚ ))ଵ/ଶ of the shear wave1. In 
this case fluid is trapped which behaves much like an ideal mass layer; the relative frequency shift then can be 
calculated by 
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with ݄ being the effective thickness of the trapped layer. 
 
The frequency shift of a tuning fork vibration in flexual mode and of a thickness-shear mode resonator hence are 
both depending on viscosity and density. The relative frequenc change for both can be generally described by 
 
 ௱௙௙బ ൌ ܣඥߟߩ௚ ൅ ܤߩ௚ (4) 
 
where ܣ and ܤ are resonator dependent constants. Tuning fork resonators and thickness-shear mode resonators in 
general both can be used for density and viscosity measurement in fluids, e.g. gases Their suitability is determined 
by the coefficients ܣ and ܤ. 
3. Measurements 
The measurements where conducted in a pressure vessel, which is equipped with a pressure sensors, a 
temperature sensor and a heating sleeve. The resonance frequency was determined by measuring the frequency 
dependent impedance of the resonators with an Impedance Analyzer. 
The frequency shift of various quartz crystal resonators in C2H4, C3H6 and CF4 was measured in the pressure 
vessel in dependence on the gas pressure at room temperature. To enable contact between the gases and the 
resonator, the housing of each resonator was opened.  
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 Depending on the type of resonator used, the measurements show typical characteristics. As an example, the 
frequency shift of a 32.768 kHz tuning fork resonator in contact with gases is shown in Fig. 1 (a), the frequency shift 
of a 5 MHz thickness-shear mode resonator can be seen in Fig. 1 (b). 
4. Results 
The resonance frequency of the tuning resonator decreases with increasing gas pressure. Using the virial equation 
for C2H4, C3H6 and CF4, the frequency in dependence on the gas density was obtained (see Fig. 2 (a) and (b)). The 
frequency shift increases with the increasing gas density. In C2H4 the frequency shift is weaker than the frequency 
shift in C3H6 which is weaker than the frequency shift in CF4. As the viscosity of C2H4 (≈ 10.5 µPa s) is higher than 
the viscosity of C3H6 (≈ 8.8 µPa s) at the prevailing measurement conditions, this behavior cannot be explained by 
the viscosity and density dependence of the resonance frequency alone. 
The frequency shift of the shear-mode resonator is also stronger for C3H6 than for C2H4. Interestingly enough, the 
resonance frequency of the shear-mode resonator increases with density/pressure for C2H4. 
These results are thus attributed to an explicit pressure dependent raise of the resonance frequency due to a 
deformation of the resonator and an associated change in its material parameters. The frequency shift then can be 
expressed as a function of viscosity, density and pressure.  
 
 ߂݂ሺߟ, ߩ, ݌) ൌ  ܣඥߟߩ ൅ ܤߩ ൅ ܥ݌ (5) 
 
The coefficients A, B, C can be determined by fitting the equation to the measurement data. For the 32.768 kHz 
Fig. 1. (a) frequency shift of a 32.768 kHz tuning fork resonator in different gases in dependence on gas pressure; (b) frequency 
shift of a 5 Mhz thickness shear-mode resonator in different gases in dependence on gas pressure at room temperature 
Fig. 2. (a) frequency shift of a tuning fork resonator in different gases in dependence on gas density; (b) fequency shift of a 
thickness shear-mode resonator in different gases in dependence on gas pressure 
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 Fig. 3. (a) frequency shift of a tuning fork resonator in different gases in dependence on gas density with pressure correction; 
(b) realtive deviation between the frequency shift obtained with the fittet parameters and the measured frequency shift in %  
tuning fork resonator, ܣ ൌ െ371 Hz mఱమ kgିଵ sିଵ , ܤ ൌ െ5.86 Hz m3 kg-1 and ܥ ൌ 0.33 x 10ିହ Hz Pa-1  were 
obtained. The coefficient C can be used for a pressure correction of the frequency shift-density plot (see. Fig 3 (a) ). 
As can be seen from Fig 3 (b), fitted and measured data are in good agreement. 
5. Conclusion 
The sensitivity of tuning fork resonators for density measurements in gases has been confirmed. In contrast, the 
shear-mode resonators show a dominating ඥߩߟ dependence, which makes them more suitable for viscosity 
measurement than tuning fork resonators. For measuring different gases or gas mixtures, the pressure dependence of 
the frequency shift has to be considered additionally. By combining tuning fork and shear mode resonators, viscosity 
and density of an unknown gas or gas mixture can be measured. 
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